Beauveriolides I and III, isolated from the culture broth of fungal Beauveria sp. FO-6979, showed potent inhibitory activity of lipid droplet accumulation in primary mouse peritoneal macrophages. The cellular molecular target of this inhibitory activity was studied in macrophages. Beauveriolides I and III strongly inhibited the cholesteryl ester (CE) synthesis with IC50 values of 0.78 and 0.41 M, respectively, without showing significant effects on the triacylglycerol and phospholipid synthesis. Furthermore, lysosomal cholesterol metabolism to CE in macrophages was inhibited by the compounds, indicating that the inhibition site lies within steps between cholesterol departure from the lysosome and CE synthesis in the endoplasmic reticulum. Therefore, acyl-CoA:cholesterol acyltransferase (ACAT) activity in the membrane fractions prepared from mouse macrophages was studied, resulting in a dose-dependent inhibition by beauveriolides I and III with IC50 values of 6.0 and 5.5 M, respectively. Thus, we showed that the beauveriolides inhibit macrophage ACAT activity specifically, resulting in blockage of the CE synthesis, leading to a reduction of lipid droplets in macrophages. ACAT activity in the membrane fractions prepared from mouse liver and Caco-2 cells was also inhibited, indicating that the beauveriolides block both ACAT-1 and -2. Moreover, beauveriolides I and III exert antiatherogenic activity in both low-density lipoprotein receptor-and apolipoprotein E-knockout mice without any side effects such as diarrhea or cytotoxicity to adrenal tissues as observed for many synthetic ACAT inhibitors. Beauveriolides I and III are the first microbial cyclodepsipeptides having an in vivo antiatherosclerotic effect and show promise as potential lead compounds for antiatherosclerotic agents.
H
ypercholesterolemia involves heterogeneous disorders of lipid metabolism characterized by elevated levels of plasma total cholesterol and low-density lipoprotein (LDL)-derived cholesterol. It is definitively linked to increased morbidity and mortality due to myocardial infraction. 3-Hydroxy-3-methylglutaryl-CoA reductase, one of the rate-limiting enzymes in the cholesterol biosynthetic pathway, proved to be an effective target of inhibition for the treatment of hypercholesterolemia, and derivatives of fungal compactin (ML236B) and mevinolin (monacolin K), inhibitors of this enzyme, have been used clinically as cholesterol-lowering or antiatherosclerotic agents (1) (2) (3) (4) (5) .
On the other hand, these achievements have stimulated the search for new cholesterol-lowering agents with distinct mechanisms of action. Accordingly, a variety of inhibitors of microbial origin (6) have been reported that include, hymeglusin (an 3-hydroxy-3-methylglutaryl-CoA synthase inhibitor) (7, 8) , zaragozic acids or squalestatins (squalene synthase inhibitors) (9, 10) , pyripyropenes [inhibitors of acyl-CoA:cholesterol acyltransferase (ACAT)] (11) and ferroverdins (inhibitors of cholesteryl ester transfer protein) (12) .
In the early stage of atherosclerogenesis, macrophages penetrate into the intima, efficiently take up modified LDL, store cholesterol and fatty acids as a form of neutral lipids in the cytosolic lipid droplets, and are converted into foam cells, leading to the development of atherosclerosis in the arterial wall (13) (14) (15) . Recently, we established a cell-based assay system of lipid droplet synthesis using mouse macrophages as a model of macrophage-derived foam-cell formation (16) . Screening for inhibitors with this system led to the discovery of fungal beauveriolides I and III ( Fig. 1) , which are members of the cyclodepsipeptide family (17, 18) . These compounds could cause a reduction in the size and number of the cytosolic lipid droplets in macrophages without the cytotoxicity; however, the target site of this inhibition was unclear.
In this article, we show that beauveriolides I and III are the first microbial products orally active in mouse models of atherosclerogenesis by inhibiting ACAT activity.
Materials and Methods
Materials. Beauveriolides I and III were purified from a culture broth of Beauveria sp. FO-6979 as reported (18) . [1- 14 C]Oleic acid (50 mCi͞mmol) and [1- 14 C]cholesterol (54mCi͞mmol) were purchased from DuPont͞NEN, and [1- 14 C]oleoyl-CoA (oleoylCoA) (54 mCi͞mmol) was from Amersham Pharmacia Biosciences. DMEM and Hanks' balanced salt solution were purchased from Nissui Seiyaku (Tokyo), GIT medium was from Nippon Seiyaku (Tokyo), and penicillin (10,000 units͞ml), streptomycin (10,000 g͞ml), and glutamine (200 mM) solutions were from GIBCO. Phosphatidylcholine, phosphatidylserine, dicetylphosphate, cholesterol, 3␤-hydroxy-5-pregnen-20-one (pregnenolone), oil red O, and fatty acid-free BSA were all purchased from Sigma-Aldrich. CL-283,546, an ACAT inhibitor, ¶ was a generous gift from J. Hess, Pfizer Diagnostics. Plastic microplates (48-well) were purchased from Corning.
Animals. Female ICR mice (25-30 g ) were obtained from the Japan SLC, Hamamatsu, Japan. Low-density lipoprotein receptor (LDL-R)-knockout mice and apolipoprotein E (apoE)-knockout mice on a C57BL͞6 background were purchased from The Jackson Laboratory.
Mouse Peritoneal Macrophages. Mouse peritoneal macrophages from female ICR mice were prepared as described (19) . Peritoneal cells were harvested from unstimulated mice by using Hank's balanced salt solution and then suspended at 2 ϫ 10 6 cells per ml in GIT medium. Aliquots (0.25 ml) were dispensed into a 48-well plastic microplate or a tissue culture chamber (LAB-TEK 8-chamber, Nalge Nunc) and incubated in a humidified CO 2 (5% vol͞vol) atmosphere at 37°C for 2 h, after which each plate was washed three times with 0.25 ml of Hank's balanced salt solution to remove the unattached cells. The medium was then replaced immediately with 0.25 ml of DMEM containing 8% (vol͞vol) lipoprotein-deficient serum, penicillin (100 units͞ml), and streptomycin (100 g͞ml) (hereafter referred to as medium A).
Assay for Cell Viability. Macrophage viability was measured in the presence of the inhibitors by using alamar Blue (Iwaki Glass, Tokyo).
Preparation of Liposomes. Multilamellar liposomes were prepared as described (19) . In brief, a lipid mixture of phosphatidylcholine (1 mol), phosphatidylserine (1 mol), dicetylphosphate (0.2 mol), and cholesterol (1.5 mol) in chloroform were dried and then suspended in 1 ml of 0. 14 C]oleic acid in macrophages was carried out by the method described (16) . In brief, macrophages (5 ϫ 10 5 cells per 0.25 ml of medium A) were cultured in a 48-well plastic microplate, and then 2.5 l of a sample (methanol solution) and 10 l of liposomes together with 5 l of [ 14 C]oleic acid (1 nmol, 0.05 Ci, 10% ethanol͞PBS solution) were added to each culture. After a 14-h incubation, the medium was removed, and the cells in each well were washed three times with PBS. The cells were lysed by adding 0.25 ml of PBS containing 0.1% (wt͞vol) SDS, and the cellular lipids were extracted by the method of Bligh and Dyer (20) . The organic solvent was reduced by centrifugation under vacuum, the total lipids were separated on a TLC plate (silica gel F254, 0.5 mm thick, Merck) and analyzed with a bio-imaging analyzer (BAS 2000, Fuji) as described (16) .
Cellular Neutral Lipid Staining. Macrophages were cultured in a tissue culture chamber with liposomes and inhibitors as described above. After the 14-h incubation, the cells were washed three times with PBS and fixed by soaking in 10% formalin. Nuclei and intracellular neutral lipid droplets were then stained with hematoxylin and oil red O, respectively, and the stained cells were examined by light microscopy (Vanox-S model, Olympus, Tokyo). 14 C]cholesterol in mouse macrophages was measured as described (21) . In brief, macrophages (5 ϫ 10 5 cells) were inoculated for 2 h in a 48-well plastic microplate, washed with Hank's balanced salt solution, and placed in 0.25 ml of medium A containing 10 l of liposomes supplemented with [ 14 C]cholesterol (3.7 nmol, 200 nCi) and pregnenolone (added as a 2.5-l methanol solution to make a final concentration of 10 M). After incubation for 12 h, the medium was removed, and the cells were washed twice with buffer B (150 mM NaCl and 50 mM Tris⅐HCl, pH 7.4) containing BSA (2 mg͞ml), then with buffer B without BSA, and subsequently incubated in 0.25 ml of medium A containing inhibitors (added as a 2.5-l methanol solution) for 5 h. The cells were washed three times with PBS, and the cellular lipids were extracted twice with 1 ml of hexane-2-propanol (3:2). After reducing the organic solvent by evaporation, the total lipids were separated on a TLC plate and the radioactivity of [ 14 C]CE was measured according to the same method described above.
Preparation of Microsomes from Mouse Livers and the Membrane
Fraction from Macrophages. Mouse livers (0.5 g) or mouse peritoneal macrophages (2 ϫ 10 8 cells) were homogenized in 3.0 ml of cold buffered sucrose solution (pH 7.2) containing 100 mM sucrose, 50 mM KCl, 40 mM KH 2 PO 4 , and 30 mM EDTA (hereafter referred to as buffer A) in a Teflon homogenizer. The microsomal fraction or the membrane fraction was pelleted by centrifugation at 100, 000 ϫ g for 1 h at 4°C, resuspended in the buffer at a concentration of 5 mg of protein per ml and stored at Ϫ80°C until use.
Assay for ACAT Activity. ACAT activity was determined by using the isotope method described (22) with minor modifications. In brief, an assay mixture containing 2.5 mg͞ml BSA in buffer A and [ 14 C]oleoyl-CoA (20 M, 0.5 Ci), together with a test sample (added as a 10-l methanol solution to make a final concentration of 0-100 M), and the microsomal or membrane fractions (100 g of protein) in a total volume of 200 l were incubated at 37°C for 5 min. The reaction was stopped by adding 1.2 ml of CHCl 3 ͞MeOH (2:1), and the product cholesteryl [ 14 C]oleate was extracted by the method of Bligh and Dyer (20) . After removing the organic solvent by evaporation, the residue was separated on a TLC plate and the radioactivity of cholesteryl [ 14 C]oleate was measured as described above.
In Vivo Antiatherosclerotic Activity. LDL-R-knockout mice and apoE-knockout mice were housed in a pathogen-free barrier facility (12-h͞12-h light͞dark cycle) and were fed a normal rodent chow diet (CLEA Japan, Osaka) for 8 weeks after weaning. At this time the diets were changed to 0.15% cholesterol-supplemented diets (CLEA Japan), and beauveriolide III (50 and 25 mg͞kg of body weight) suspended in 0.05% sodium CM-cellulose or only 0.05% sodium CM-cellulose (control) was administered orally every day for 2 months. Eighteen male mice (9 as controls and 9 for the beauveriolide III experiments) were used for this in vivo evaluation. Blood was collected from the retroorbital venous plexus at 0, 1, and 2 months. Blood glucose levels were measured immediately after bleeding with an Advantage II (Roche Diagnostics).
Colorimetric assays were used to measure plasma levels of total cholesterol (Determiner TC555 kit, Kyowa Medex, Tokyo), triacylglycerol (Triglyceride G-test kit, Wako Pure Chemicals, Osaka), and free fatty acid (NEFA C-test kit, Wako Pure Chemicals). For atherosclerotic lesion analyses, mice were killed by cervical dislocation after blood collection. Whole aortas were collected and stained with Sudan IV, and cross sections of proximal aorta were prepared and stained with oil red O as described (23) . The luminal side of the stained aortas was photographed. Image capture and analysis was performed by using PHOTOSHOP 6.0 (Adobe Systems, Tokyo). The extent of atherosclerosis was expressed as the percent of the lesion area of the entire aorta. The hearts were perfused with PBS containing 3% (wt͞vol) formalin, were embedded in OCT compound (Sakura Tissue-Tek, Tokyo), and 6-m-thick serial sections were cut by using a Cryostat (Leica). Four sections, each separated by 60 m, were used to evaluate the lesions: two at the end of the aortic sinus and two at the junctional site of the aortic sinus and ascending aorta. The sections were counterstained with oil red O and hematoxylin. Images of the sections were captured with a digital camera (CoolSnap Photometrics, Olympus) mounted on a light microscope (Vanox-S model, Olympus) and analyzed with PHOTOSHOP 6.0 (Adobe Systems).
Other Analytical Methods. Protein concentrations were determined according to the method of Bradford (24) by using the Bio-Rad Protein Assay Kit.
Statistics. All experimental data are expressed as mean Ϯ SD. The significance of the difference of the means was determined by using Student's t test. A P value of Ͻ0.05 was taken as significant. Regression analyses were performed with STATVIEW (SAS Institute, Tokyo).
Results

Inhibition of Lipid Droplet Accumulation in Macrophages by Beauve-
riolides. In this macrophage assay, massive amounts of lipid droplets were accumulated in cytosols when the macrophages were incubated with the liposome (16) . Under these conditions, a dose-dependent inhibition (3-10 M) of lipid droplet accumulation was caused by beauveriolides I and III, and no morphological changes or cytotoxic effects were observed on macrophages for concentrations of up to 20 M (18). By contrast, structurally related cyclodepsipeptides like enniatins showed none or only slight inhibition of lipid droplet accumulation even at 20 M, and although beauvericin (10 M) showed inhibition of lipid droplet accumulation, it was accompanied with severe morphological changes and cytotoxicity (Ϸ50% cell viability by the alamar Blue assay) in macrophages (data not shown). Thus, among the cyclodepsipeptides tested, beauveriolides I and III were very specific inhibitors of cytosolic lipid droplet accumulation in mouse peritoneal macrophages. indicating that it was due to their cytotoxic effect on macrophages (data not shown). Thus, among the cyclodepsipeptides beauveriolides I and III are the only compounds inhibiting CE synthesis selectively. These data support the results of the lipid droplet accumulation in macrophages as described above. Fig. 2 A and B) . Under the same condition, cytochalasin D, an inhibitor of actin polymerization involved in endocytosis of the liposomes (21), produced no effect on [ 14 C]CE synthesis from lysosomal [ 14 C]cholesterol even at 20 M (Fig. 3) (Table 1 and Fig. 3 ). These data demonstrated that the beauveriolides block the postlysosomal process of cholesterol metabolism resulting in inhibition of CE synthesis in macrophages.
Inhibition of Mouse Macrophage ACAT Activity by Beauveriolides. The experiment using pregnenolone indicated that the inhibition site of beauveriolides is between the point of cholesterol departure from lysosomes and the point of cholesterol esterification in the ER. Therefore, their effect on ACAT activity was evaluated because other cyclodepsipeptides like beauvericin and enniatins with larger cyclic skeletons are known to inhibit ACAT activity (25) . For this, microsomes prepared from mouse peritoneal macrophages, mouse livers, and human Caco-2 cells were used as an enzyme source. Beauveriolides I and III were found to inhibit the ACAT activity of mouse macrophage microsomes (expressed as ACAT-1) (26) in a dose-dependent manner with IC 50 values of 6.0 and 5.5 M, respectively, and the ACAT activity of mouse liver microsomes (expressed as ACAT-2) (27) in a dose-dependent manner with IC 50 values of 1.5 M for both compounds (Fig. 4) . They also inhibited the ACAT activity in microsomes of human Caco-2 cells (expressed as ACAT-2) (28) with similar IC 50 values (Table 1) . Under the same conditions, beauvericin showed the most potent inhibition of ACAT activity in microsomes of all of the sources tested. These data revealed that the beauveriolides moderately inhibit ACAT-1 and -2 with similar potency.
Inhibition of Atherosclerogenesis in ApoE-Knockout Mice by Beauveriolide. After 2-month oral administration of beauveriolide III (25 mg⅐kg Ϫ1 ⅐day Ϫ1 ) to apoE-knockout mice, atherosclerotic lesion area in the arch region of the whole aorta was decreased by 55% compared with the control group (3.8% vs. 8.4%, P Ͻ 0.01) (Fig. 5 A, B , and E). Reduction of atherosclerotic lesions was also shown in all regions of the aorta, with the most striking difference found in the proximal portion of the aortas. The crosssectional lesion areas of hearts of the beauveriolide III-treated group were significantly smaller (by 52%) than those of the control group (78,005 vs. 162,801 m 2 , P Ͻ 0.05) (Fig. 5 C, D, and  F) . No significant differences occurred in the body weight, blood glucose, plasma total cholesterol, plasma triglycerides, and plasmafree fatty acids between the two groups (data not shown). Similarly, atherosclerotic lesions of whole aortas and hearts of LDL-Rknockout mice treated with beauveriolide III (50 mg⅐kg Ϫ1 ⅐day Ϫ1 ) were also reduced by 40% and 60%, respectively (data not shown). Furthermore, beauveriolide-treated mice showed no side effects, such as diarrhea or cytotoxicity to adrenal tissues, during the experiments as observed for many synthetic ACAT inhibitors (29) .
Discussion
A number of beauveriolide-related compounds, having the 13-membered cyclic skeleton composed of two L-amino acids, one D-amino acid, and one 3-hydroxylic fatty acid, have been reported (D. Matsuda, I.N., H.T., S. Kobayashi, R. Zocher, H. Kleinhauf, and S.Ō ., unpublished work; refs. 17, 18, and 31), but their biological activities have not been clearly defined. Initially, we found that beauveriolides I and III show very potent inhibitory activity of lipid droplet accumulation in macrophages. Furthermore, our recent study on the structure-activity relationship (data not shown) showed that this activity is limited to the two compounds and, moreover, that D-allo-Ile͞D-Leu and L-Phe in the molecules are important for the inhibitory activity. These findings prompted us to study the molecular target of the beauveriolides in macrophages. Several types of inhibitors of lipid droplet accumulation in macrophages have been reported (31) (32) (33) (34) . Sterol derivatives such as U18666A (31), progesterone, and pregnenolone (32) inhibit the movement of cholesterol out of the lysosome or inhibit the activity of multidrug-resistant P-glycoproteins in the plasma membrane (33) , and a large number of ACAT inhibitors block cholesterol esterification in the endoplasmic reticulum (ER). These compounds are known to specifically inhibit CE synthesis in macrophages (34) . On the other hand, triacsins, inhibitors of acyl-CoA synthetase, also block lipid droplet accumulation, but the compounds inhibit both CE and TG syntheses by depletion of acyl-CoA (16) . Beauveriolides inhibit CE synthesis specifically (Fig. 2) , and the inhibition site lies within some steps after cholesterol leaves lysosomes (Fig. 3) . Therefore, ACAT, an ER enzyme, was tested as a target of beauveriolide. Finally, we demonstrated that beauveriolides I and III inhibit ACAT activity in microsomes prepared from mouse macrophages with IC 50 values of 6.0 and 5.5 M, respectively, and also mouse livers with IC 50 values of 1.5 M for both compounds. Recent molecular biological studies revealed the presence of two isozymes ACAT-1 and ACAT-2 (27, 28, 35) . ACAT-1 is ubiquitously expressed, and high-level expression is observed in sebaceous glands, steroidogenic tissues, and macrophages. In rodents, ACAT-2 is expressed predominantly in the liver and intestine and in humans it is in the intestine. Therefore, it was strongly suggested that beauveriolides I and III inhibit both ACAT-1 and ACAT-2 to similar extents or inhibit ACAT-2 somewhat more strongly than ACAT-1 (Fig. 4) . From the structure-activity relationship (data not shown), the results of ACAT inhibition by beauveriolide analogs are essentially similar to the results of the inhibition of lipid droplet accumulation in macrophages. In mouse macrophage microsomes, beauvericin that has a larger cyclic skeleton inhibited ACAT activity more strongly than beauveriolides (Table 1) , but the compound did not show specific inhibition of CE synthesis (Fig. 2C) and had cytotoxic effect on macrophages. Thus, among several 13-and 18-membered cyclodepsipeptides tested, beauveriolides I and III are the only compounds that inhibit both ACAT activity and CE synthesis in macrophages, leading to a decrease in lipid droplet accumulation. Accordingly, in vivo antiatherogenic activity of beauveriolides was studied in two mouse models.
Beauveriolide III proved orally active in both apoE-knockout mice (Fig. 5) and LDL-R-knockout mice (data not shown). After oral administration of at least 25 mg⅐kg Ϫ1 ⅐day Ϫ1 for 2 months to apoE-knockout mice, the atherosclerotic lesions of aorta and heart were reduced 54% and 52%, respectively. Beauveriolide III showed no side effects such as diarrhea or cytotoxicity to adrenal tissues during the experiments even at 100 mg⅐kg Ϫ1 ⅐day Ϫ1 . Most synthetic ACAT inhibitors like CL-283,546 showed toxic effects on the adrenal gland (29) . No data have been conclusive as to whether the toxic effects on the adrenal gland are inherent in the mechanism of action of these drugs. However, certain synthetic inhibitors like avasimibe proved effective in vivo but had no effect on the adrenal gland (36) . Presently, the involvement of ACAT-1 and ACAT-2 as a target of antiatherosclerogenic drugs is a matter of controversy. Some ACAT inhibitors could reduce the development of atherosclerotic lesions independently of an effect on plasma cholesterol levels in cholesterol-fed rabbits and hamsters; however, with other inhibitors, the reduction of cholesterol levels depended on their effect on plasma cholesterol levels (37, 38) . In pharmacological and genetic studies in animals, it was shown that specific inhibition of ACAT-1 may increase lesion size because of accumulation of free cholesterol in the lesions (39) . Therefore, selective ACAT-1 inhibition should be approached cautiously in humans (40) . ACAT-2-deficient transgenic mice have a reduction in CE synthesis in the small intestine and liver, which in turn produces protection against diet-induced hypercholesterolemia and gallstone formation (41) . Furthermore, ACAT-2-and apoE-deficient mice have triglyceriderich apoB-containing lipoproteins and no atherogenic lesions (42) . A selective inhibitor of ACAT-2 may be useful for preventing diet-induced hypercholesterolemia (41) , but the development of such drugs has not been successful. Very recently, fungal pyripyropene A, discovered by our group, was found to be a very specific ACAT-2 inhibitor (L. L. Rudel, personal communication). Avasimibe, which inhibits both ACAT-1 and ACAT-2 activities, reduces atherosclerosis in several animal models and is being evaluated in clinical trials (37, 40) . Our results show that beauveriolides, which also inhibit both ACAT-1 and ACAT-2, have antiatherogenic activity in both LDL-R and apoE-knockout mice without any side effects such as diarrhea or cytotoxicity to adrenal tissues. Beauveriolides I and III, microbial cyclodepsipeptides previously unreported to have in vivo antiatherosclerotic effect, show promise as potential lead compounds for antiatherosclerotic agents.
